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Abstract Most embeddings of the Standard Model into a more unified theory, in particular 
the ones based on supergravity or superstrings, predict the existence of a hidden sector of par- 
ticles which have only very weak interactions with the visible sector Standard Model particles. 
Some of these exotic particle candidates (such as e.g. "axions", "axion-like particles" and "hid- 
den U(l) gauge bosons") may be very light, with masses in the sub-eV range, and have very 
weak interactions with photons. Correspondingly, these very weakly interacting sub-eV particles 
(WISPs) may lead to observable effects in experiments (as well as in astrophysical and cosmolog- 
ical observations) searching for light shining through a wall, for changes in laser polarisation, for 
non-linear processes in large electromagnetic fields and for deviations from Coulomb's law. We 
present the physics case and a status report of this emerging low-energy frontier of fundamental 
physics. 
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1 Introduction 

We are entering exciting times in particle physics: the Large Hadron Collider 
(LHC) is setting a new landmark at the high-energy frontier and probes, through 
the collision of multi-TeV protons, the structure of matter and space-time at an 
unprecedented level. There is a lot of circumstantial evidence that the physics 
at the TeV scale exploited at LHC will bring decisive insights into fundamental 
questions such as the origin of particle masses, the nature of dark matter in 
the universe, and the unification of all forces, including gravity. Indeed, most 
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proposals to embed the Standard Model of particle physics into a more general, 
unified framework, notably the ones based on string theory or its low energy 
incarnations, supergravity and supersymmetry, predict new heavy, m > 100 GeV, 
particles which may be searched for at TeV colliders. Some of these particles, 
prominent examples being neutralinos, are natural candidates for the constituents 
of cold dark matter in the form of so-called weakly interacting massive particles 
(WIMPs). 

However, there is also evidence that there is fundamental physics at the sub- 
eV scale. Indeed, atmospheric, reactor, and solar neutrino data strongly support 
the hypothesis that neutrinos have masses in the sub-eV range. Moreover, the 
vacuum energy density of the universe, as inferred from cosmological observations, 
points to the sub-eV range, pa ~ meV 4 . As a matter of fact, many of the above 
mentioned extensions of the Standard Model not only predict WIMPs, but also 
WISPs - very weakly interacting sub-eV particles. Prominent candidates for 
such particles go under the names axions and axion-like particles, often arising as 
Nambu-Goldstone bosons associated with the breakdown of global symmetries. 
Further WISP candidates are massless or light extra, hidden U(l) gauge bosons 
as well as light, chiral fermions charged under this hidden U(l). These particles 
are frequently encountered in string embeddings of the Standard Model. The 
latter potentially contain also light moduli fields and light gravitinos as further 
WISP candidates. 

Unlike for WIMPs, TeV colliders are not the best means to search for WISPs. 
For this purpose, low energy experiments exploiting lasers, microwave cavities, 
strong electromagnetic fields, torsion balances etc. seem to be superior. It is 
the purpose of this review to present the physics case and a status report of this 
emerging low-energy frontier of fundamental physics. 

The organization of this review is as follows. In the following Sect. [2] we will 
argue that many extensions of the Standard Model predict new particles and 
phenomena at low energies. On the one hand new light particles are suggested 
to solve puzzling experimental results but on the other hand they also appear 
to be a generic feature of underlying fundamental theories such as string theory. 
In Sect. [3] we will turn to current constraints from astrophysics and cosmology. 
Moreover, we will discuss a few interesting observations that could be explained 
by invoking WISPs. Then, in Sect.lU we will explore how WISPs can be searched 
for in a variety of controlled laboratory experiments. We discuss the advantages 
of these experiments as well as the challenges they face. Finally in Sect. [5] we will 
summarize the current situation and give an outlook towards the future. 
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2 Physics Case for WISPs 



2.1 Axions and Axion-Like Particles 

2.1.1 The Strong CP Problem and Axions Quantum chromodynamics 
(QCD), the non-Abelian gauge theory describing strong interactions, allows for 
a CP-violating term in the Lagrangian, 

^CP-viol. = ^-OtrG^G^ ^^e^-e^trG^G^, (1) 

where G is the gluonic field strength. Similar to the strong coupling constant a s , 
the fundamental parameter 9 has to be determined experimentally. One of the 
most sensitive probes for it is the electric dipole moment of the neutron, arising 
from the CP-violating term given in Eq. ([1]). It should be of order 



d n \~— IflUHT 16 \e\ ecm, (2) 
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where m n (m q ) is the neutron (a light-quark mass), e is the unit electric charge, 
and 

9 = 9 + arg det M, (3) 

with M being the quark mass matrix. 9 is the actual physical CP-violating 
parameter in the Standard Model. The current experimental upper bound on 
\d n \ < 2.9 x 10~ 26 ecm [1] places an extremely stringent limit on 

\9\ < 10- 10 . (4) 

The strong CP problem is the lack of an explanation why the dimensionless 
parameter 9, a sum of two contribution of very different origins, is so unnaturally 
small. 

The axion occurs in course of a possible solution of this problem. In essence, 
the proposal of Peccei and Quinn [2] was to promote 9 to a dynamical field which 
can relax spontaneously to zero. The axion field a is introduced as a dynamical 
9 parameter, which has a shift symmetry, 

a — > a + const., (5) 

broken only by the anomalous CP-violating terms, i.e. its low-energy effective 
Lagrangian is parametrized as 

1^ ~„ a, sa 



Ca = faadfa + -p- a tr G^G^ + — - a F^F^ + 

2 ilTJa OTTja 



J a 



(6) 



where s is a model dependent parameter, F is the electromagnetic field strength, 
and ip denotes generic Standard Model fields. The dimensionful axion decay con- 
stant f a determines the strength of the interaction of the axion with the Standard 
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Model particles. The #-term in the QCD Lagrangian can then be eliminated by 
absorbing it into the axion field, a = a — 6f a . Finally, the topological charge den- 
sity oc (tr G^G^y) 7^ 0, induced by topological fluctuations of the gluon fields 
such as QCD instantons, provides a nontrivial potential for the axion field a which 
is minimized at zero expectation value, (a) = 0: thus, the 6 dependence is wiped 
out by the axion field, providing a natural explanation why the electric dipole 
moment of the neutron is so small. The nontrivial potential around (a) = 
promotes the elementary particle excitation of the axion field, the axion, to a 
pseudo Nambu-Goldstone boson [3] (which we will now again denote by a) with 
a non-vanishing, but parametrically small mass. This mass can be calculated via 
current algebra and expressed in terms of the light (u, d) quark masses, the pion 
mass m n and the pion decay constant f n [3] (cf. also [1]), 

m n f n yjm u m d /10 10 GeV\ 

m a= , ±— — ^0-6meVx . (7) 

J a rn u + m d \ Ja J 

For large axion decay constant f a , we see that the axion is a prime example for 
a WISP [3]: it is a very weakly interacting (cf. Eq. ([6])) sub-eV mass particle. 
In particular, its coupling to photons, which for an axion, like for any other 
pseudo-scalar, should be of the form, 

L ail = --gaF ilv F^ =gaEB, (8) 

is very much suppressed [5], 

a (2 rn^ _ \ ^ ^ ^ /lO^GeVN 
27r/ a V3 m u + m d J \ fa J 

Although expected to be small, the guaranteed coupling of axions to photons, 
Eq. Q, may result, if axions exist, in observable consequences from processes 
involving large electromagnetic fields. These often occur in astrophysical and 
cosmological environments (cf. Sect. [3]) and can be prepared in laboratory exper- 
iments (cf. Sect. HJ . 

The proposal of an anomalous Peccei-Quinn shift symmetry is motivated to 
provide for a solution of the strong CP problem. This concept has been general- 
ized to other similar WISP candidates - axion-like particles (ALPs) - which may 
arise as (pseudo) Nambu-Goldstone bosons from the breaking of other global sym- 
metries such as, for example, family symmetries. However, in contrast to axions, 
for generic ALPs a non-zero coupling g to photons is not guaranteed. Moreover, 
for them a predictive relation between g and the mass is missing. Correspond- 
ingly, ALP searches, exploiting their interactions with photons, should try to 
cover the entire parameter space spanned by g and the mass of the ALP and not 
only the restricted parameter space, Eqs. ([7]) and ([9]), predicted for axions. 
2.1.2 Axions and Axion-Like Particles from String Compactifica- 
tions The existence of axions and ALPs can also be strongly motivated from 



6 The Low-Energy Frontier of Particle Physics 

a top-down point of view. In fact, when compactifying the six extra spatial di- 
mensions of string theory they arise quite naturally as Kaluza-Klein zero modes 
of antisymmetric tensor fields, which are generically present in all string theo- 
ries. Moreover, the (Chern-Simons) couplings of these form fields to the gauge 
fields, which are crucially determined by anomaly cancelation conditions, result 
in the anomalous CP violating couplings in the low-energy effective Lagrangian, 
Eq. ([6]), necessary for the solution of the strong CP problem. Thus, string com- 
pactifications suggest plenty of candidates for axions and axion-like WISPs [6HS]. 
However, it is fair to say that they do not really predict them, because there are 
several mechanisms known by which they can be removed from the low-energy 
spectrum. Only the ones which escape these mechanisms are WISP candidates. 

In the compactification of the weakly coupled heterotic string, a universal, 
model-independent axion appears as the Poincare dua0 of the (Neveu-Schwarz) 
antisymmetric tensor field B^, with \x and v tangent to 3+1 dimensional Min- 
kowski space-time [6]. Its decay constant f a is quite independent of the details 
of the compactification. To compute it, one considers the action of an N = 1 
supergravity coupled to an Es x Es pure gauge theory in 9+1 dimensions, 

2vrM 8 f , 1n , „ M c 6 f 1 „ „ 2vrM c 4 f 1 



which describes the dynamics of the massless bosonic excitations of the heterotic 
string in terms of the Ricci scalar R, the gauge field strength F, and the field 
strength H of the two- form field B. Compactifying this theory on a 6 dimensional 
manifold with volume Vq, the resulting effective action can be matched to its 
standard normalization in 3+1 dimensions 

M 2 f If 1 f 1 

S3+1 = -f- J d^x^R-^- J d 4 x^trF^F^-ji J -HA*H + ... , 

(11) 

with 

M% = (4w/g 2 )M!V 6 ; g 2 YU = 4vr 5s 2 /(M s V 6 ); f 2 a = g 2 /(27rMfV 6 ) , (12) 

expressing the reduced Planck mass Mp = 2.4 x 10 18 GeV, the gauge coupling 
gyM, and the axion decay constant f a in terms of the string coupling g s , the 
string scale M s = l/£ s , and the volume Vq. Eliminating the volume Vq and the 
string scale by means of the first two relations in Eq. (|12p . one ends up with an 
axion decay constant of order of the GUT scale [10] , 

fa = a Y uM P /(27rV2) ~ 1.1 x 10 16 GeV , for a YM = 5ym/(4vt) - 1/25 . (13) 



lr To perform this dualization explicitly one introduces the axion field as a Lagrange multiplier 
for the Bianchi identity for H, dH = l/(167r )(tri? A R — tiF A F), and subsequently integrates 
over H [6]| 
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Figure 1: In compactifications of type II string theories the Standard Model is 
locally realized by a stack of space-time filling D-branes wrapping topologically 
non-trivial submanifolds in the compact dimensions. In general, there can also 
be hidden sectors localized at different places. They can arise from branes of 
different dimension (D3 or D7 branes) which can be either of large extent or 
localized at singularities. Light visible and hidden matter particles arise from 
strings located at intersection loci and stretching between brane stacks. 

Model- dependent axions arise in the context of weakly coupled heterotic strings 
from massless excitations of the two-form B-field on the 6 dimensional compact 
manifold [6]. Correspondingly, their properties depend much more on the details 
of the compactification. Nevertheless, a recent exhaustive study has elucidated |8j 
that also in this case the axion decay constant cannot be smaller than 10 15 GeV. 
Similar conclusions have been drawn for the axions in strongly coupled heterotic 
string theory [8]. These findings can be easily understood physically: it is the 
string scale M s which mainly determines the axion decay constant [7]. And in 
the heterotic case, this scale is large, e.g. M s = ckym/ (47r)Mp, for the weakly 
coupled heterotic string (cf. Eq. (fT2|) ). 

This may be different in compactifications of type II string theories which give 
rise to "intersecting brane worlds". In these theories, the Standard Model lives 
on a stack of D(3 + g)-branes which are extended along the 3+1 non-compact 
dimensions and wrap g-dimensional topologically non-trivial submanifolds in the 
compactification manifold, while gravity propagates in the bulk, leading to a 
possibly smaller string scale at the expense of a larger compactification volume, 
M s ~ g s Mp I ' \JV§M^ (see Fig. [T|). In type II string theory, the axions come from 
the massless excitations of the (Ramond-Ramond) q-form gauge field C q . The 
precise predictions depend on the particular embedding of the Standard Model, 
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but generically one finds that the axion decay constant can be substantially lower 
than in the heterotic case, varying between [7] 

/« Ttttttt ~ 10 GeV ' 14 

corresponding to a variation of the string scale between the TeV and the GUT 
scale. 

2.1.3 Scalars AND Chameleons Apart from possibly light pseudoscalars, 
string compactifications generically also predict scalar particles - the dilaton and 
large numbers of moduli - which appear also massless at the compactification 
scale. Essentially massless scalar fields are also often invoked by cosmologists 
in the context of dark energy. In fact, a plausible explanation for the appar- 
ent acceleration of the cosmic expansion rate of the universe is provided by the 
presence of a spatially homogeneous scalar field which is rolling down a very flat 
potential [TT] . 

Interactions of very light scalar fields with ordinary matter are strongly con- 
strained by the non-observation of "fifth force" effects leading to e.g. violations 
of the equivalence principle (cf. Sect. I4.4p . Correspondingly, if such particles 
exist, the forces mediated by them should be either much weaker than gravity or 
short-ranged in the laboratory. The latter occurs in theories where the mass of 
the scalar field depends effectively on the local density of matter - in so-called 
chameleon field theories [12]. Depending on the non-linear field self-interactions 
and on the interactions with the ambient matter, the chameleon may have a large 
mass in regions of high density (like the earth), while it has a small mass in re- 
gions of low density (like interstellar space) . Since such particles are able to hide 
so well from observations and experiments, they have been named "chameleons". 



2.2 Ultralight Hidden-Sector Particles 

Similar to axions and axion-like particles, additional hidden sector U(l) gauge 
bosons are also a generic feature arising in string compactifications. These are 
therefore well motivated WISP candidates. 

In fact, in the standard compactification of the Eg x Eg supergravity based 
on the heterotic string on a smooth (Calabi-Yau) manifold, the Standard Model 
gauge group is embedded in the first Eg factor, whereas the second Eg factor 
comprises a "hidden gauge group" , which interacts with the first Eg factor only 
gravitationally [13]. This second Eg factor may be broken in the course of com- 
pactification to products of non-Abelian and U(l) gauge groups. The occurrence 
of hidden U(l)s can be studied quite exhaustively in toroidal orbifold compacti- 
fications of the heterotic string, which allow for a systematic scanning of possible 
gauge group factors and particles after compactification. Requiring a realistic vis- 
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ible sector, it seems that there are still a number of models which have possibly 
massless hidden U(l)s. In this "mini-landscape" of orbifold compactifications of 
the heterotic string [TJ] one encounters a breaking of the gauge symmetry to the 
Standard Model, a hidden sector non-Abelian gauge symmetry and, typically, at 
least one hidden U(l), for example, cf. Ref. |15j . 

E 8 xEh SU(3) x SU(2) x U(l) x [SU(6) x U(l)]. (15) 

V „ ' 

Standard Model 

Compactifications of type II string theory also suggest the existence of hidden 
U(l)s, be it as Kaluza-Klein zero modes of the previously mentioned (Ramond- 
Ramond) form fields or as massless excitations of branes. In fact, as illustrated 
in Fig. [H type II compactifications generically involve space-time filling hidden 
sector branes not intersecting with the Standard Model branes, often also for 
global consistency requirements. 

Some of these hidden U(l)s may remain unbroken down to very small energy 
scales. In this case their dominant interaction with the photon, which is encoded 
in the low-energy effective Lagrangian, 

11 v TV? i 

C D -—F^F^ - —zX^Xi* + J^F^X^ + ^ V, (16) 



with X^ denoting the hidden U(l) field with field strength X^ u and gauge cou- 
pling gh, will be through kinetic mixing [16], with mixing parameter x- Therefore, 
light hidden U(l)s ("hidden photons") are well motivated WISP candidates, since 
X is expected to be small. 

In fact, kinetic mixing is generated at one-loop by the exchange of heavy mes- 
sengers that couple both to the visible U(l) as well as to the hidden U(l). In the 
context of compactifications of the heterotic string, its size has been estimated 
as pi] 

X~^C^~10- 5 -10- 17 , forC>10, (17) 

where Am ~ 10 5 ~ 17 GeV is the possible range of mass splitting in the messenger 
sector once supersymmetry is broken. 

A great variety for possible values of x can a ls° De accommodated in type II 
compactifications for the mixing between brane-localized hidden U(l)s and the 
visible U(l). Here, kinetic mixing can be understood as originating from the 
exchange of closed strings through the bulk [T8j[19] . Generically, one finds [20] 



Y ~ ^- (18) 
X 16tt 2 ' 1 j 

where the size of the hidden sector gauge coupling depends on the g-dimensional 

volume (0 < q < 6) of the cycle which the hidden brane wraps, 

2 2ng s /4vrM s 2 y /6 , . 

9l^T7fh=^9s(- IT ^) , (19) 



V q Ml ^WsMl) 
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leading to a quite large range of possible values for the kinetic mixing, 

1(T 12 < X < 10" 3 , (20) 

for the string scale varying between a TeV scale and the GUT scale. Smaller 
values of kinetic mixing can be obtained in these setups in special cases where 
the one- loop contribution is cancelled or vanishes. Moreover, exponentially sup- 
pressed values can be naturally obtained in flux compactifications with warped 
throats [T9] , 

Masses for the hidden photons can arise via the standard Higgs mechanism 
but also via a Stueckelberg mechanism. In LARGE volume compactifications 
small, even sub-eV, masses arise quite naturally [20]. If the masses arise from 
a Stueckelberg mechanism, mass and size of the kinetic mixing are typically 
linked through one scale, the string scale, and therefore related to each other. 
Depending on the specific way in which the cycles wrap the singularities one 
obtains expressions for the masses like 

For example in the case z = 1 we obtain for a string scale of M s ~ 1 TeV, 
rriji ~ meV and, from Eqs. <\18h . (|19j) . a mixing of \ ~ 10~ 12 . 

The predictions for masses arising from the Higgs mechanism are less precise, 
however, they can also be tiny, if the super symmetry breaking scale in the hidden 
sector is much smaller than in the visible sector. 

Occasionally, there is also light hidden matter charged under the hidden U(l)s. 
After diagonalization of the gauge kinetic terms by a shift X — > X + x^4 and a 
multiplicative hypercharge renormalization, one observes that the hidden sector 
particles acquire a minihyper charge e = X9h [IE]- In particular, also an eventual 
hidden Higgs particle may be searched for by exploiting its effective minihyper- 
charge [21]. In a similar way minicharged particles can also arise from hidden 
sector magnetic monopoles if the gauge fields mix via a non-diagonal 0-term |22] . 
Therefore, light minicharged particles (MCPs) are also very well motivated WISP 
candidates. 



3 Astrophysical and Cosmological Constraints on WISPs 

As we have reviewed in the last section, there is a strong physics case for the 
possible existence of WISPs. Moreover, their possible masses and couplings span 
a very wide range in parameter space. Correspondingly, searches for signatures 
of WISPs have to exploit a wide variety of observational and experimental tech- 
niques, ranging from cosmology and astrophysics to terrestrial laboratory exper- 
iments. As reviewed in this section, the strongest bounds on the existence of 
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WISPs presently often come from stellar evolution and cosmology, where to the 
best of our knowledge observations seem to agree with the standard budget of 
elementary particles. However, there are also some intriguing astronomical ob- 
servations which are hard to explain by known physics and might be interpreted 
as indirect hints pointing towards the existence of WISPs. 

3.1 Bounds from Stellar Evolution 

Production of WISPs in stars would substantially affect stellar evolution [23]. 
WISPs are only rarely produced in the dense plasmas of stellar interiors, but 
they will easily escape, contributing directly to the total energy loss of the star. 
This has to be contrasted with the standard energy loss of stars, which occurs 
mainly due to photons from the stellar surface and neutrinos from the core. 
Therefore, the WISP luminosity is enhanced by a huge volume/surface factor, 
leading to very strong constraints. 

Stars evolve fusing increasingly heavier nuclei in their cores. Heavier nuclei 
require hotter environments, and when a nuclear species is exhausted in the core, 
the latter slowly contracts and heatens up until it reaches a new burning phase. 
WISP emission shortens normal burning phases, since the energy loss rate is 
higher than standard but the total energy is limited by the number of nuclei. 
On the other hand, WISP emission prolongs intermediate (red giant) phases, 
since WISP cooling delays reaching the appropriate temperature during the core 
contraction. These effects have been used to constrain a variety of WISPs in 
different stellar environments [23^24) for which information on evolutionary time 
scales is available. For the standard QCD axions, the best constraints come 
from white dwarf cooling |25U26| through the coupling to electrons and from the 
duration of the SN1987A neutrino burst |24j through the coupling to nucleons (cf. 
Fig. [2] (top)). The strongest limits for general ALPs with a two photon coupling 
and MCPs come from observations of Horizontal Branch (HB) stars in globular 
clusters (GC) |31}l32j (cf. Figs. [2] (bottom) and [3]). For very small masses an 
even tighter limit on a two-photon coupling of ALPs can be obtained from the 
absence of a 7-ray burst in coincidence with a neutrino burst during the explosion 
SN 1987a [33]. The principle behind the latter bound is that ALPs would be 
produced in the supernova core from the Primakoff effect and reconverted into 
7-rays inside the galactic magnetic field. 

The sun is less sensitive than these other stars to axion or MCP emission, even 
though its properties are better known. Solar bounds have been obtained from 
studies of its lifetime, helioseismology and the neutrino flux |28U34j. but although 
the data is more precise the resulting constraints are weaker. However, as is 
apparent in Fig. [U this is different for hidden photons: the region in parameter 
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Figure 2: Summary of cosmological and astro-physical constraints for axions (top) 
(for the mass m a or decay constant f a ) [21] and axion- like-particles (bottom) (two 
photon coupling g vs. mass m a of the ALP) [27H29] . See the text for details. Note 
that the mass region, where the axion can be the cold dark matter (the orange 
regions labeled "CDM" in the plots), can be extended towards smaller masses 
(larger f a < 10 16 GeV) by anthropic reasoning. Moreover, in the first plot the 
areas marked "ADMX" and "CAST" show the near future search ranges. In the 
second plot the axion band is shown hatched. We have also marked other areas 
with interesting astrophysical hints in orange. For comparision, we also show 
laboratory limits from photon regeneration experiments (ADMX and LSW) as 
discussed in Section |U (Both compilations extended from Ref. |30j.) Note that 
the limit from ADMX is valid only under the assumption that the local density 
of ALPs at earth is given by the dark matter density. 



space excluded by the solar lifetime [36] complements in this case the one excluded 
by the lifetime of HB stars [37] . 

The stellar bounds are very strong but also somewhat vulnerable: they can be 
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Figure 3: Summary of cosmological and astro-physical constraints for minicharged 
particles (fractional charge e = Q e /e vs. mass m e ) (compilation from Ref. j20|). 
See the text for details. In addition we also show the laboratory limits discussed 
in Sect. HI Moreover, at relatively large masses and couplings we also have the 
bounds from accelerator and fixed target experiments (SLAC). 

considerably relaxed if the couplings to photons effectively depend on environ- 
mental conditions such as the temperature and matter density |38j . This defi- 
nitely occurs in some specific models, such as the above-mentioned chameleons 
or in those presented in Refs. [391110] • 

3.2 Bounds from Big Bang Nucleosynthesis 

Big Bang Nucleosynthesis (BBN) provides us with a unique probe of the early 
universe (for a recent review, see Ref. [II]). At temperatures below ~ MeV, the 
weak reactions p + e~ n + v e in the primordial plasma became ineffective, 
fixing the neutron/proton density ratio to n/p ~ 1/7. In fact, this "freeze- 
out" ratio crucially depends on the rate of cosmic expansion H, which in turn 
grows with increasing total energy density p of all particles in the primordial 



14 



The Low-Energy Frontier of Particle Physics 




Log 10 /My[eV] 



Figure 4: Summary of cosmological and astrophysical constraints for hidden pho- 
tons (kinetic mixing x vs - mass my) (compilation from Ref. |35j). See the text 
for details. In addition we also show laboratory limits (see Sect. 0] for details on 
the constraints in the sub-eV regions; at higher mass we have electroweak pre- 
cision measurements (EW), bounds from upsilon decays (T35) and fixed target 
experiments (EXXX)). Areas that are especially interesting are marked in light 
orange. 



plasma: the larger p, the sooner the p-n freezing the closer n/p becomes to the 
high temperature value of 1/2. After decoupling, during the proper primordial 
nucleosynthesis, neutrons are mostly confined into 4 He nuclei whose primordial 
abundance can be measured today, leading to a bound on the non-standard energy 
density p x during BBN, usually expressed as the effective number of extra thermal 
neutrino species, 

< - ^JU- (22) 



A recent determination of this number [12] resulted in 

K% = -0.6±g : |, (23) 

for three standard neutrinos. Therefore, while an extra neutral spin-zero particle 
thermalized during BBN is allowed, this is not the case for other WISPs like a 
mini-charged particle, for which 

Kmcp > h (24) 

or a massive hidden photon, with 

Nl% = 21/16. (25) 
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The interactions of MCPs and 7 7 s with the standard bath should not allow ther- 
malization before BBN. MCPs ip are produced with a rate T(e + e~ — > ip iji) ~ 
a 2 e 2 T/2, while 7's are produced with rate r(7e ± — > j'e^) ~ Xeff^c with Fq the 
standard Compton scattering rate. Here Xeft is the effective 7 — 7' mixing in the 
plasma, which for sub-eV 7' masses is XeS — x( m 7'/ a; p) 2 - The ratio of the 7' 
mass to the plasma frequency, my/wp, is extremely small before BBN so it sup- 
presses 7' production with respect to other WISPs. Correspondingly, one finds, 
from a comparison with the expansion rate H, that MCPs with e < 2 x 10~ 9 
would be allowed [13] (cf. Fig. [3j labelled "BBN"), but there are no significant 
bounds for hidden photons [30] . 



3.3 Bounds from the Cosmic Microwave Background 

The cosmic microwave background (CMB) features an almost perfect blackbody 
spectrum with 0(1O -5 ) angular anisotropics. It is released at a temperature 
T ~ 0.1 eV, but the reactions responsible for the blackbody shape freeze out 
much earlier, at T ~ keV. Reactions like 7 + ... — >-WISP+... would have depleted 
photons in a frequency dependent way, which can be constrained by the precise 
FIRAS spectrum measurements [44J. This can be used to constrain light MCPs 
and ALPs [45] as well as hidden photons [46]. More generally [47], (resonant) 
production of hidden photons leads to distortions in the CMB spectrum measured 
by FIRAS strongly constraining their existence in a wide mass range, as can be 
seen from Fig. H] (similar bounds can be obtained for ALPs but they depend 
on the unknown strength of the intergalactic magnetic field [H]). Similarly, in 
presence of MCPs, when the CMB photons pass through the magnetic field of 
clusters this leads to a local distortions of the CMB spectrum in the direction of 
the cluster. Such distortions are constrained by measurements [49] of the so-called 
Sunaev-Zel'dovich (SZ) effect and lead to strong bounds on MCPs |5offi On the 
other hand, around T ~ eV the primordial plasma is so sparse that WISPs would 
free-stream out of the density fluctuations, diminishing their contrast. Moreover, 
thermal WISPs contribute to the radiation energy density, delaying the matter- 
radiation equality and reducing the contrast growth before decoupling. In this 
respect, they behave identically to standard neutrinos [52]. Therefore, the extra 
contribution to the energy density, p x (and the couplings that would produce 
it), can again be constrained from the value of N„ inferred from analysis of 
CMB anisotropies and other large scale structure (LSS) data, e.g. from a recent 

2 Analogously light from distant supernovae passing through the (less well known) intergalac- 
tic magnetic field would be dimmed by MCP production, again constraining the existence of 
such particles |51| (SN dimming in Fig- . 
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analysis |42] 



K" = -o.i 



+2.0 
-1.4- 



(26) 



This argument has been used to constrain axions [53] (cf. Fig. [2] (top), labelled 
"hot DM") and meV 7's @6j (cf. Fig. |3J labelled "FIRAS+hCMB"). However, it 
should be noted that in the determination of the value of N^ x in Eq. (|26p . Ly-a 
forest data has been deliberately omitted. Ly-a has systematically favored values 
of N^ x larger than zero [53], which could be revealing the existence of a cosmic 
WISP relic density (cf. Sec. I3.4.5[) . Alternatively, it may be due to an incorrect 
treatment of the bias parameter [55] . 

3.4 Possible Indirect Hints for WISPs 

However, there are also other cosmological and astrophysical puzzles which - 
interpreted in terms of WISPs - may indicate that the latter are just around 
the corner and that it is of high interest to search for them under controlled 
laboratory conditions. 

3.4.1 Axions as Cold Dark Matter First of all, this concerns the possi- 
bility that axions constitute the cold dark matter (CDM) in the universe. In fact, 
for very weak coupling, i.e. large decay constant f a , the ultra-light axions are pro- 
duced non-thermally in the early universe. At early times, at temperatures well 
above the QCD phase transition, the axion is effectively massless and the corre- 
sponding field can take any value, parameterized by the "misalignment angle" 0j. 
Later, as the temperature of the primordial plasma falls below the hadronic scale, 
T < GeV, the axion develops its mass m a due to non-perturbative (topological 
instanton) effects. When the mass m a becomes of order the Hubble expansion 
rate, the axion field will start to oscillate around its mean value (a) = 0. These 
coherent and spatially uniform oscillations correspond to a coherent state of non- 
relativistic axion particles, whose contribution to today's energy density, in terms 
of the critical energy density, can be estimated^ as [57] 



where 0.5 < K a < few. Therefore, for generic values of the misalignment angle, 
6i = 0(1), the axion could be the main constituent of CDM in the universe, 

3 It should be noted that this is a relatively crude estimate. In principle the amount of axions 
also depends on the order in which cosmological events took place. In particular, whether the 
breaking of the Peccei-Quinn symmetry occurred before or after inflation. In the latter case, for 
example, there are additional contributions from the formation and decay of cosmic strings and 
domain walls. Typically, these contributions are of similar order to the axion density produced 
in the misalignment mechanism [56] . 




(27) 
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f^CDM^ 2 ~ 0.1, if its decay constant is of order f a ~ 10 12 GeV, corresponding 
to a mass in the 10/xeV range. Larger values of f a (cf. Fig. [2] (top); labeled 
"CDM") are excluded because they would lead to an overclosure of the universe. 
However, if the initial 0i is small, values of f a near the GUT or Planck scale 
are still possible. This could be due to a finetuning but also due to anthropic 
selection [58] . 

Axion dark matter may indeed explain two additional puzzling observations: 
firstly there is an interesting alignment in the multipoles of the CMB 
anisotropics [59] and secondly the rotational curves of a number of galaxies pro- 
vides evidence for an additional structure in the galactic halo, so-called caustic 
rings |60j . Both observations may be explained by Bose-Einstein condensation of 
dark matter axions |61| . 

Finally, in the context of dark matter it should be noted that axions could also 
contribute a hot dark matter component. As for neutrinos the fraction of this 
hot dark matter is proportional to the mass of the axion. Recent constraints on 
the size of a possible hot dark matter component provide a bound of m a < 1.2 eV 
(see Fig. M (top)) [53]. 

3.4.2 Non-Standard Energy Loss in White Dwarfs A possible non- 
standard energy loss has been recently identified in the white dwarf luminosity 
function [26] . As pointed out by the authors this is compatible with the existence 
of axions with an axion-electron coupling, 

g eea ~ 10" 13 , (28) 

suggesting an axion decay constant and axion masjj) of 

fa ~ gee a m e ~ few x 10 9 GeV, m a ~ meV, (29) 

respectively. In typical models, the coupling to photons is then 

g ~ a/ f a ~ 1(T 12 GeV" 1 , (30) 

i.e. very close to the stellar evolution bounds. But, apart from the obvious possi- 
bility that a more conventional explanation may be found for this non-standard 
energy loss, it should be noted that this could also be explained in terms of hid- 
den photons coupling via non-renormalizable operators to electrons, cf. Ref. |62] , 
Nevertheless, the values in Eqs. ([29|) and (f30|) should be considered as benchmark 
values for future axion searches. Fortunately, as we will see in the next section, 
this region of parameter space is not completely off the possibilities to be checked 
in a controlled laboratory experiment based on photon regeneration. 

4 For the mass of an ALP actually everything below ~ keV would be acceptable. 
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3.4.3 Hints for Cosmic Photon Regeneration It has been argued 
that recent observations in TeV gamma astronomy may point towards the ex- 
istence of ALPs or at least will help to give sensible new constraints on their 
existence. Quite distant astrophysical sources have been observed in TeV gamma 
rays by H.E.S.S. and MAGIC. This appeared to be quite puzzling, since the 
gamma ray absorption rate due to electron/positron pair production off the ex- 
tragalactic background light (EBL) was believed to be too strong to allow for 
their observation |63U64j . Clearly, a conventional explanation is either that the 
EBL is less dense than expected and/or that the source spectra are harder as 
previously thought. Alternatively, such a high transparency of the universe may 
also be explained by the conversion of gamma rays into ALPs in the magnetic 
fields around the gamma ray sources. These ALPs would travel then unimpeded 
until they reach our galaxy and reconvert into photons in the galactic magnetic 
fields |65j. Alternatively, the conversion/reconversion could take place in the in- 
tergalactic magnetic fields [66] (see Ref. [67] for a comprehensive bibliography 
and the current status) . The intergalactic magnetic fields are not well known but 
the assumption of being organized in randomly oriented patches would produce 
a characteristic scatter in luminosity relations. A powerful signature of cosmic 
photon regeneration could therefore emerge if the reconstructed EBL along dif- 
ferent lines of sight towards different TeV gamma sources were to display such a 
characteristic scatter |67j . 

ALPs may also leave their imprints in luminosity relations of active galactic 
nuclei. In fact, mixing between photons and ALPs in the random magnetic fields 
in galaxy clusters may induce a characteristic scatter in the relations of X-ray vs. 
optical luminosities of compact sources in these clusters. Evidence for such an 
effect has recently been found in an analysis of luminosity relations of about two 
hundred active galactic nuclei, providing a strong hint for the possible existence 
of a very light axion-like particle [68j . 

Furthermore, photon - ALP mixing could also explain the puzzling origin of the 
(debated) correlation of arrival directions of ultra high energy cosmic rays and 
BL-Lac objects observed by AG AS A and HiRes [69] (see, however, Ref. [70]). 
Moreover, the observed alignment of the polarization vectors of very distant 
quasars may also be explained by selective photon disappearance from photon- 
ALP oscillations [71]. Finally, it is also worth nothing that very similar ALPs 
have been invoked to solve some problematic aspects of the X-ray activity of the 
Sun, the longstanding corona problem and the triggering of solar flares [72] . 

Intriguingly, in all the above mentioned hints for cosmic photon regeneration, 
the required ALP should have a very small mass, say [68] 





m a < 10 



eV -T- lCT y eV 



(31) 
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5 ~ 10 -12 -=- 10 -11 GeV _1 . (32) 

Again, these values should be considered as important benchmarks for future 
laboratory searches for ALPs. As we will see, photon regeneration experiments 
can do a very good job here. 

3.4.4 Dark matter from hidden photons Dark matter could also be 
directly related to hidden photons. Indeed there are several different way in which 
a hidden U(l) could contribute to dark matter. 

First of all in the region (x,my) ~ (10~ 12 ,0.1 MeV), labeled "hike DM" in 
Fig. [JJ the hidden photon itself could be a lukewarm dark matter candidate \37\ 

Eg. 

For somewhat larger mixing angles (x,my) ~ (10~ n ,< 100 GeV), in the re- 
gion labeled "Hidden Photino DM" in Fig. U the supersymmetric partner of the 
hidden photon, the hidden photino, is a promising dark matter candidate, if its 
mass is in the 10 to 150 GeV range [73]. Moreover, for (x,77iy) ~ (10~ 23 ,0), the 
hidden photino, with mass in the TeV range, could be a candidate of decaying 
dark matter, giving rise to the above mentioned excesses observed in galactic 
cosmic ray positrons and electrons [75] . 

Finally, in the region (x,my) ~ (10~ 4 ,GeV), labeled "Unified DM" in Fig. H 
the hidden photon plays an important role in models where the dark matter 
resides in the hidden sector [76]. These models aim at a unified description 
of unexpected observations in astroparticle physics, notably the positron excess 
observed by the satellite experiment PAMELA [77] and the annual modulation 
signal seen by the direct dark matter search experiment DAMA [78]. The massive 
hidden U(l) can then mediate "Dark Forces". These values are also accessible to 
accelerator searches [79^ 180] and have been motivated in various supersymmetric 
scenarios [80j[8T] (see also Ref. [82]). 

3.4.5 A hidden CMB? As discussed in Sect. 13.31 hidden photons contribute 
to the effective number of neutrinos. Indeed, such a contribution would lead to 
a higher number of effective neutrinos at the time of CMB and large scale struc- 
ture formation than at the time of BBN. Interestingly, some global cosmological 
analyses that take into account precision cosmological data on the cosmic mi- 
crowave background and on the large scale structure of the universe appear to 
require some extra radiation energy density from invisible particles apart from 
the three known neutrino species. The case for this was strengthened by the 
recently released WMAP 7 year data [83]. Hidden photons in the parameter 
region (x,my) ~ (10~ 6 ,0.2 meV), labeled "hCMB" in Fig. [JJ lead to a natural 
explanation of this finding [46j . 

As a side remark we note that these parameter values also allow for interesting 



20 



The Low-Energy Frontier of Particle Physics 



WWV^ 



#vA/WW 



Figure 5: Schematic of a "light-shining-through a wall" experiment. An incoming 
photon 7 is converted into a new particle X which interacts only very weakly with 
the opaque wall. It passes through the wall and is subsequently reconverted into 
an ordinary photon which can be detected. 



technological applications of hidden photons |84j . 



4 WISP Searches with Low-Energy Photons 

One of the most striking features of many new light bosons is that one can have 
photon - light boson oscillations in very much the same way as the different neu- 
trino species oscillate into each other. Below we will start with the description of 
so-called "light shining through a wall" (LSW) experiments, which most directly 
make use of this oscillation phenomenon. We will also use this opportunity to 
introduce the basic equations governing these oscillation phenomena. 



4.1 Photon Regeneration Experiments 

4.1.1 Light Shining Through a Wall - Theory One of the most strik- 
ing consequences of the photon - light boson oscillations is the possibility of 
"light shining through a wall" |85h87| . This is exploited in experiments of the 
same name. A schematic setup is shown in Fig. [5j The idea is as follows. If 
an incoming photon is somehow converted into a WISP the latter can transverse 
an opaque wall without being stopped. On the other side of the wall the WISP 
could then reconvert into a photon. 

This type of experiment is sensitive to a whole variety of WISPs as shown in 
Fig. [6l In particular, the classic axion or axion-like particles can be searched 
for by employing a magnetic field in the conversion regions. This facilitates the 
conversions of photons into axions via the two photon interaction predicted for 
axion-like particles (cf. Fig. 6(a)). 

These oscillation phenomena can be described using a non-diagonal mass term 
in the equations of motion decribing the photon A (with energy cj) and the new 



The Low-Energy Frontier of Particle Physics 



21 




Figure 6: Explicit processes contributing to LSW for various WISPs. From left 
to right we have photon - ALP, photon - hidden photon and photon - hidden 
photon oscillations facilitated by MCPs. 



particle X (cf. also Ref. |88j), 

[u 2 l + d 2 l - M x ] 



0, 



(33) 



where we have suppressed the Lorentz structure. Indeed, for the types of particles 
discussed in Sect. [2] the equations of motion always separate into the two possible 
linear polarizations but the mass matrix may differ for the different polarization 
directions. 

The solutions to the equations of motion are of the form, 



v\ = exp(— i(ut — k\z)) 



V2 = exp(— i(cjt — k2z)) 



I 1 



(34) 



If the off-diagonal entry in the mass matrix is small we can obtain simple ana- 
lytical formulas for the mixing angle, 



tan(2<5) = 2 



M x 



12 



(35) 



and the wave numbers for the two mass eigenstates, 

k\ = J 2 -M x l , k\ = u 2 -M x 2 . 

Using these it is straightforward to find the transition amplitudes, 

A(j — > X) = 5 [exp(ifciz) — exp(ifc2-z)] , 

from which we can obtain 

P( 7 = p(X^ 1 ,e) = \A(j^X)\ 2 

= |<5| 2 [exp(-2Im(fc 1 )^) + exp(-2Im(fc 2 )^) 

— 2exp(— Im(fci + k2)i) cos(Re(&i + k 2 



(36) 



(37) 



(38) 
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In a light shining through a wall experiment the photon must convert into a 
WISP and back. Therefore the total probability for a photon to arrive at the 
detector ig§, 

P(j^X,£ 1 )P(X -+7J2). (39) 

This probability can be enhanced by using optical cavities to reflect the light 
back and forth inside the production and regeneration regions [89|,I90J . In the 
production region one can easily imagine that the probability is enhanced by the 
number of passes towards the wall. On the regeneration side such an enhancement 
is not as obvious. Nevertheless, a resonant cavity on the regeneration side allows 
for an additional enhancement corresponding to the number of passes inside this 
cavity as well. The probability including these improvements is therefore, 



Plsw = iVW 2 P( 7 -> X,£ 1 )P(X -> 7,^2 



(40) 



where N\ (N2) is the effective number of passes in the respective cavity divided 
by a factor two. 

Let us now consider the three sets of particle discussed in Sect. 3: axion-like 
particles, massive hidden photons, and massless hidden photons with additional 
minicharged particles. 

Axion-like particles couple to two photons. In this case the photon - axion-like 
particle oscillations have to be facilitated by the presence of a magnetic field as 
shown in Fig. [5] (a) which provides for one of the two photons in the interaction. 
The presence of the magnetic field marks a preferred direction. Therefore the 
matrix M can now depend on the polarization direction. Indeed one finds, 



Mf 







-gBuj 



-gBu 



m„ 



\ 



M\ =0, 



(41) 



Mf 



0. 



Mf 



-gBuj 



\ 



-gBu 



m„ 



J 



where a~ indicates a pseudo-scalar axion-like particle coupling to FF and a + is 
a scalar coupling to F 2 . Moreover, the subscripts ||,_L indicate the polarization 
direction with respect to the magnetic field. Since the mass matrix is real the 
expression for the probability in an LSW experiment, Eqs. (138|) . (|39f) . simplifies. 
If the polarization of the laser is at an angle 9 with respect to the magnetic field, 
the probability for a pseudoscalar reads, 

'£ x ml\ . 2 (hml 



-Plsw 



16— sin 2 



sin 



4w 



(42) 



^Here, we neglect the typically very small absorption probability of the WISP X inside the 



wall. 
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For a scalar the cos(#) has to be replaced by a sin(#). Moreover, for simplicity 
we have made the additional assumption u 3> m a . 

The transition into hidden photons occurs also in absence of a magnetic field. 
Accordingly there is no preferred direction and both polarizations have the same 
mass-mixing, 

( 2 _ \ 

M 1 = m 2 , . (43) 

{-X 1 ) 

The corresponding transitions are depicted in Fig. [5] (b) and the transition prob- 
ability is 

P LSW = 16X 4 sin 2 sin 2 . (44) 

Finally, for the combination of massless hidden photons and minicharged par- 
ticles we again need a magnetic field to allow for a transition, 



^Y+MCP = _ 2a; 2 e 2 AA r i 



/ 2 \ 

+x -x 



(45) 



Here, i =||, -L again indicate the polarization with respect to the magnetic field 
and ANi are the magnetic field dependent, complex refractive indices describing 
the refraction and absorption due to the virtual and real production of MCPs 
(see [91] for details). 

4.1.2 Light Shining Through a Wall - Experiments As the name 
suggests most of these experiments employ laser light in the optical regime. The 
typical lengths of the production and regeneration zones is in the range of a few 
meters. As we can see from Eqs. (|42p . (|44p an oscillation length of a few meters 
corresponds to particle masses in the range of meV. For ALPs these experiments 
are therefore sensitive for masses up to a few meV and for hidden photons the 
sensitivity is usually optimal in this mass range. A variety of these light shining 
through walls experiments has been performed or is currently running |92|I93|. 
The results can be seen in Fig. [7J The bounds are in the g < few x 10~ 8 GeV -1 
range for ALPs and the kinetic mixing and minicharges probed are typically of the 
order of few x 10 -7 . Although, this is not yet competitive with the astrophysical 
and cosmological arguments - except for the case of hidden photons in the meV 
mass range (cf. Fig. [7J (c)) - it should be noted that these bounds are less model- 
dependent (cf. [38H40] ). Moreover, it is worth noting that so far only two of these 
experiments (BFRT and ALPS) have employed mirrors to enhance the transition 
probability on the production sid Using cavities on both sides [89|90] could lead 



6 Only ALPS employed a Fabry-Perot cavity whereas BFRT used an optical delay line. If 
used only on the production side this does not make a difference, but for resonant regeneration 
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Figure 7: Sensitivities of LSW experiments. Top panels: pseudoscalar (left) 
and scalar (right) axion-like particles. The results from ALPS are preliminary. 
Bottom panels: massive hidden photons (left) and massless hidden photons with 
an additional minicharged particle (right). Compilation from Ref. |94j . 

to significant improvements in the near future. However, it should be noted that 
this presents a technological challenge [US] because the cavities have to be tuned to 
be resonant with each other (and, of course, a better quality of the cavity reduces 
the bandwidth making this even more difficult). Nevertheless, it seems that this 



an optical cavity is needed. 
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methods paves the way to beat for the first time the astrophysical bound on the 
ALP-photon coupling. Moreover, it can even reach the ALP benchmark point 
(|32[) . g ~ 10~ n GeV^ 1 , for small enough ALP mass, therefore possibly testing 
the ALP interpretation of the reported hints of cosmic photon regeneration (cf. 
Sect. I3.4.3p . In order to probe the axion benchmark point (|29p . however, one 
needs further ingredients in order to access also higher masses: one possibility is 
to exploit alternating magnetic field directions [87], another is to use phase shift 
plates [96] . 

Higher masses could also be accessed by exploiting keV photons from X-ray 
free-electron lasers or synchrotron radiation sources [97]. However, presently the 
photon fluxes from these sources appear to be too small to be competitive with 
optical photons. 

Further improvement in the sensitivity at low masses could also come from 
experiments that employ electromagnetic waves in the radiofrequency range in- 
stead of laser light in the visible regime [98j . The advantage of such "microwave 
shining through walls" is threefold. First, microwave cavities can be constructed 
such that the light is effectively reflected back and forth inside the cavities up 
to 10 11 times. This allows for a significant improvement compared to the cur- 
rently best optical cavities where the light can be reflected only up to 10 5 times. 
Second, although still a technological challenge the tuning of the cavities to res- 
onance is simplified by the fact that extremely frequency-stable cavities exist in 
the microwave regime. Finally, using the phase information of the generator to 
distinguish between signal and background one can detect microwaves with inten- 
sities less than 10 -23 W with commercially available technology. With currently 
available technology, sensitivities of the order 

5~10- 10 GeV _1 , x~10~ 12 

seem achievable. The price to pay is that due to the lower frequency/energy of 
the microwaves, the sensitive range is typically restricted to particle masses less 
than 0.1 meV. Several of these experiments are currently under construction or 
in planning stages [9911100] . 

Finally another variant of the LSW idea is to use static magnetic fields [101] . 
The setup consists of a highly sensitive magnetometer inside a superconducting 
shielding. This is then placed inside a strong (but sub-critical) magnetic field. In 
ordinary electrodynamics the magnetic field cannot permeate the superconductor 
and no field should register on the magnetometer. However, photon - hidden- 
sector photon - photon oscillations would allow to penetrate the superconductor 
and the magnetic field would "leak" into the shielded volume and register on 
the magnetometer. Compared to the classic LSW setup there are two crucial 
differences. First, the fields are (nearly) static and the photons involved are 
virtual. Second, the magnetometer directly measures the field-strength and not 
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Figure 8: Illustration of an afterglow experiment to search for chameleon par- 
ticles (from Ref. |102| ). Filling the vacuum tube by means of a laser beam 
with chameleons via photon-chameleon conversion in a magnetic field (left). An 
isotropic chameleon gas forms (middle). Afterglow from chameleon-photon con- 
version in a magnetic field (right). 

a probability. Correspondingly, the signal is suppressed only quadratically, oc x 2 > 
instead of quartically. For hidden photon masses in the range 0.002-200 meV the 
projected sensitivity for the mixing parameter lies in the 5 x 10~ 9 to 10 -6 range. 

4.1.3 Afterglow Experiments For chameleon particles (s. Sect. 12.1.31) 
and in general particles whose mass increases with the local matter /energy den- 
sity [38], LSW experiments do not always work. The reason is that the high 
(compared to the vacuum) density inside the wall increases the mass of the pro- 
duced WISP and therefore creates a high potential barrier on which the particle 
is reflected. 

However, this reflection can actually be used in a slightly different type of 
experiment [10211103] . If the production zone is enclosed by suitably dense walls 
on all sides (transparent windows let the photons into the production zone but 
they are typically too dense to let chameleons escape) the chameleons produced 
are trapped inside the production zone and accumulate over time. After some 
time the laser is switched off. Now the accumulated chameleons can reconvert 
into photons which escape through the windows. Hence, there is an "afterglow" 
after the laser has been switched off. This is shown in Fig. [8] 

Such an experiment has been performed by the GammeV collaboration [104] 
and allows to exclude sub-meV (vacuum mass) chameleons with couplings in 
the range g ~ (10~ 7 — 10~ 6 ) GeV -1 . Improvements planned by the GammeV 
collaboration [105 J will further increase the sensitivity. Moreover, by driving the 
ADMX cavity with an external generator and looking for a "microwave afterglow" 
the ADMX collaboration has performed a small test experiment for chameleons 
with masses around 2 fj,eV [100] . 

4.1.4 Helioscopes As already mentioned in Sect. 13.11 WISPs can also be 
produced inside the sun. This can either occur via the same interactions that 
lead to the oscillation phenomena described above or via additional derivative 
interactions with matter (e.g. for axions). In any case due to the high number of 
photons inside the sun and the high total number of interactions, this typically 
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would lead to the production of a huge number of WISPs. Helioscopes try to 
detect these WISPs on earth [10511107] . 

Basically helioscopes employ the same idea as an LSW experiment. However, 
the production side is replaced by the WISP production inside the sun. The 
regeneration side is the same as for a completely laboratory based LSW experi- 
ment with the detector pointing towards the sun. The wall is simply everything 
in between the solar core and the regeneration side (the rest of the sun, the at- 
mosphere, the walls of the experimental hall etc.). The enormous total number 
of interactions inside the sun leads to a large WISP flux even if the coupling is 
tiny. This make helioscopes an extremely powerful tool to search for WISPs, how- 
ever, the same caveats discussed in Sect. 13.11 apply: if somehow the production 
of WISPs inside the sun is suppressed, helioscopes loose their sensitivity. 

The typical energy of photons inside the sun is in the keV range, accordingly 
this is also the typical energy of WISPs produced inside the sun. 

Currently two axion helioscopes are running, CAST and SUMICO |27|I29| . The 
two experiments employ large magnets. Therefore, they are sensitive to ALPs as 
well as hidden photons (with and without additional MCPs). Both experiments 
have performed searches for WISPs with keV energies leading to X-ray photons 
inside the detector. In addition, CAST has also searched for WISPs in the eV 
regime |108] which gives weaker but less model dependent constraints on WISPs 
(cf. [38] )• 

CAST, has recently surpassed the HB constraints for ALPs with a two photon 
coupling [27] (cf. Fig. [2] (bottom)), and its results have been used to limit a 
possible solar 7' flux [36 |.llQ9j . This is shown in Fig. [3] as part of the purple area. 
Additional improvements of the CAST apparatus are already in planning jllOj . 

Further dedicated helioscopes, an add on to SUMICO [11 1 j and a stand alone 
hidden photon helioscope SHIPS |112j . are likely to increase the sensitivity for 
hidden photons towards smaller masses. 

To search for solar axions one could also use the magnetic field of earth for 
the regeneration and an X-ray satellite to look through the earth at the solar 
core |113j . Alternatively, one could also replace the sun as the source of axions 
with other cosmic sources |114j . 

4.1.5 Direct Axion Dark Matter Searches Finally, let us turn to 
another type of photon regeneration experiment that employs an external source 
of WISPs: axion dark matter searches. As the name suggests these experiments 
are mainly focussed on axions. 

As described in Sect. 13.4.11 axions are produced in the early universe and can 
form all or part of the dark matter. One can now place the regeneration side of 
an LSW experiment (with magnet) on earth and wait for dark matter axions to 
enter the experiment and be converted into photons. This is the basic idea of 
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an axion dark matter experiment also called axion haloscope |106| , In principle 
this type of experiment is also sensitive to other types of WISPs such as hidden 
photons. However, due to their different production mechanisms these typically 
can only form a small part of the dark matter (which itself puts a constraint on 
their existence) which, in addition is typically rather hot, somewhat limiting the 
sensitivity of haloscope searches for non-axion WISPs. (But a final analysis is 
still outstanding.) 

The ADMX [115] and CARRACK [116j collaborations are currently operating 
axion haloscopes. Since the typical masses/energies expected for axion dark 
matter lie in the (1 — 100) /ueV range this experiment uses microwave cavities for 
resonant regeneration (cf. Sect. 14.1. 2D . Since dark matter axions are very cold, 
i.e. their kinetic energy is very small compared to their mass, the energy of the 
regenerated photons is basically given by the axion mass. To achieve resonant 
regeneration the axion mass therefore has to lie within the bandwidth of the 
microwave cavities. Since the axion mass is unknown such an experiment scans 
through a range of masses by changing the resonance frequency of the cavity. 
All in all, as can be seen from Fig. [21 ADMX achieves enormous sensitivity 
but currently only for a relatively limited range of axion masses. Yet, future 
improvements will significantly increase the scanning speed. With their Phase II 
upgrade, which is currently being implemented, ADMX plans to scan the whole 
range from 10 -6 eV to 10 -5 eV. It should be noted, however, that regeneration 
experiments for dark matter axions work only in presence of a background of 
axions. Usually, the latter is assumed to be of the size of the local dark matter 
density and the ADMX bound given in Fig. [2] is obtained under this assumption. 

As an alternative to a microwave cavity experiment one could also search for 
dark matter axions using optical cavities filled with laser light. Photons absorbing 
dark matter axions would lead to sidebands in the spectrum of the laser light j!17| . 

At very small masses (in the finetuning or anthropic region where the initial 
value of the axion field needs to be small (cf. Sect. 13.4. the cavities become 
too large to be practical. A proposal is to use instead resonant LC-circuits |118j . 
This would allow to explore axion dark matter with decay constants up to the 
GUT scale, /„ ~ 10 16 GeV. 

4.2 Laser Polarisation Experiments 

The experiments described in the previous section search for regenerated photons 
as a signature of WISPs. An alternative is to search for the disappearance or phase 
modifications of photons that would signify the real and virtual production of 

WISPs [5HHI51H2nj. 

This idea is realized in laser polarization experiments. In these experiments 
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(a) (b) 
Figure 9: Rotation (upper half) and ellipticity (lower half) caused by the existence 
of a light neutral spin-0 boson (left) or a light particle with a small electric charge 
(right) (figure adapted from [121] ). 



(linearly) polarized laser light is shone through a magnetic field and changes in the 
polarization are searched for. The detectable changes are a rotation of the linearly 
polarized light and also a phase shift between different polarization directions that 
modifies linear polarized light into elliptically polarized light. However, changes 
in the overall magnitude of the laser field are typically not detectable. 

As an example the relevant processes for ALPs and minicharged particles are 
depicted in Fig. [U 

To calculate the relevant changes in phase and amplitude one can use the same 
equations of motion as in the previous subsection. Instead of the photon to WISP 
transition amplitude the relevant quantity is now the photon to photon amplitude 
and the corresponding probability P(7 — > 7). 

Note that in order to obtain an observable effect the changes in the amplitude 
and phase of the photons must be different for the different polarizations since 
changes in the overall magnitude of the laser field are not detectable. Therefore, 
in presence of Lorentz symmetry these experiments need a magnetic field that 
distinguishes a certain axis in order to generate an observable effect. For the 
same reason massive hidden photons without any additional matter, which have 
a magnetic field and polarization independent mass matrix, Eq. (|43p . are not 
detectable in laser polarization experiments. 

In contrast to LSW experiments which have no Standard Model background^ 
there are two processes in QED which provide a background in laser polarization 
experiments. The first and most prominent is the QED contribution to the phase 
shift . The relevant diagram is the same as in the lower half of Fig. |9(b)| just with 
ordinary electrons in the loop. Current experiments are only about two orders 



7 Actually this is not quite true. There is a (tiny) background from the process photon - gravi- 
ton - photon and an additional, wall thickness dependent one, from neutrino tunneling [1 22 j . 
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of magnitude away from the sensitivity required to measure this effect and the 
next generation indeed aims to measure it. This limits searches for ALPs via this 
process to about g > 10 -7 GeV^ 1 and for minicharged particles to e > 10~ 7 . 
The situation is much better for the rotation. Here, the Standard Model back- 
ground results from photon splitting, graviton and neutrino production . These 
backgrounds are much much smaller, basically allowing background free discov- 
ery potential down to couplings g < 1/Mp and minicharges e < 10 -20 [123 ], One 
should note however, that spectacular experimental progress would be needed in 
order to achieve these sensitivities. 

Currently a variety of these experiments have already finished data taking, are 
running, in construction or in preparation |93pi24j . Although their basic principle 
is the same they differ in that they use pulsed or constant lasers and or magnetic 
fields. 

The polarization experiments described in this section typically only measure 
the difference in the speed of light between the two polarization directions. How- 
ever, using an interferometer where one arm is placed in a magnetic field allows 
to measure the change in the speed of light for both polarizations individually. 
One interesting possibility for this is to equip one arm of a gravitational wave 
detector with pulsed magnetic fields |125j . 

In an inhomogeneous magnetic field axions would cause one polarization di- 
rection of the laser beam to be split into two parts (similar to a Stern-Gerlach 
experiment). Potentially this could also be exploited experimentally to search for 
axions [126J. 

4.3 Experiments Using Strong Electromagnetic Fields 

So far we have described the propagation of light using linear equations of motion. 
All (possibly non-linear) effects of background fields were included in effective 
mass matrices that lead to small modifications of the propagation in vacuum. 
However, in strong electromagnetic fields non-linear quantum effects can lead to 
entirely new processes such as, e.g. Schwinger pair production [127] . In presence 
of light particles interacting with the electromagnetic field these effects may set 
in at much smaller fields than in ordinary QED where the critical field strength 
for such effects is set by the electron mass ~ rn^/e. This can be used to search for 
WISPs. As an example let us consider how minicharged particles can be searched 
for using Schwinger pair production. 

The basic setup |128j is depicted in Fig. [TUl In a strong electric field a vacuum 
pair of charged particles gains energy if the particles are separated by a distance 
along the lines of the electric field. If the electric field is strong enough (or the 
distance large enough) the energy gain can overcome the rest mass, i.e. the virtual 
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Figure 10: Schematic illustration of an accelerator cavity dark current (AC/DC) 
experiment for searching minicharged particles (from Ref. [128] ) . 

particles turn into real particles. This is the famous Schwinger pair production 
mechanism [127] . After their production the electric field accelerates the particles 
and antiparticles according to their charge in opposite directions. This leads 
to an electric current (dashed line in Fig. [TO]) . If the current is made up of 
minicharged particles the individual particles have very small charges and interact 
only very weakly with ordinary matter. Therefore, they can pass even through 
thick walls nearly unhindered. An electron current, however, would be stopped. 
After passage through the wall we can then place an ampere meter to detect the 
minicharged particle current. 

Typical accelerator cavities achieve field strengths of > 25MeV/m and their 
size is typically of the order of tens of centimeters. Precision ampere meters 
can certainly measure currents as small as fj,A and even smaller currents of the 
order of pA seem feasible. Using the Schwinger pair production rate we can then 
estimate the expected sensitivity for such an experiment to be 

esensitivity ~ 1(T 8 - 1(T 6 , for m e < meV. (46) 

Therefore such an experiment has the potential for significant improvement over 
the currently best laboratory bounds [TT21[I2§1[I3D] , e < few 1CT 7 (cf. Fig. [3J). 

4.4 Fifth Force Experiments 

Some of the WISP candidates discussed here, such as scalar ALPs or hidden 
photons, mediate long range forces between macroscopic bodies. Therefore, on 
account of the cumulative effect of a macroscopic amount of particles, experi- 
ments testing the inverse square law of the Newton and Coulomb forces offer 
very sensititve probes of WISPs in a certain mass range |131j . 

Note, that in our discussions of fifth forces we concentrate on WISPs that 
interact with photons. However, searches for non-Newtonian forces are also sen- 
sitive to a whole variety of WISPs that interact gravitationally or with very weak 
(effective) Yukawa interactions. Examples include the dilaton and other moduli, 
Kaluza-Klein gravitons but also the chameleons mentioned in Sect. 12.1.31 For a 
review see |131j . 
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Figure 11: Exchange of a scalar ALP, coupled two photons via Eq. (|47p . between 
two protons, giving rise to a Yukawa-type non-Newtonian force between two 
neutral test bodies (from Ref. [134| ) . 

4.4.1 Bounds on ALPs from Searches for Non-Newtonian Forces 
Due to its pseudoscalar (pseudo-)Goldstone boson nature, the exchange of a 
very light axion dominantly leads to a spin-dependent force which can not be 
probed by the most sensitive experiments exploiting unpolarized bodies. A spin- 
independent force is generated by the exchange of two axions§|, which leads to 
a power-law correction to the spin-independent long-range force between neutral 
test bodies |133j . The bounds inferred from corresponding torsion-balance type 
experiments on f a are, however, not competitive with astrophysical bounds |134j . 

This is different for scalar ALPs, whose coupling to two photons occurs via the 
effective Lagrangian 

A = f tpF^F^. (47) 

This coupling leads, via the radiative corrections shown in Fig. [TT| to a spin- 
independent non-Newtonian force between test bodies of the Yukawa-type, 

oc (gm p ) 2 expi-m^r). (48) 

From the non-observation of such a force in sensitive torsion-balance searches 
for Yukawa violations of the gravitational inverse-square law one may put a very 
stringent limit [134^1135] . 

g < 4 x 1(T 17 GeV" 1 , (49) 

in the meV mass range and even stronger constraints for smaller masses (see also 
Fig. tt2|). 

In order to test for the pseudoscalar axions one can also search for monopole- 
(spin)dipole (~ 9 1 ) and dipole-dipole interactions (~ 9°) |131U132j (see |143| for 

8 Single pseudoscalar exchange leads to long range interactions between unpolarized test 
bodies only in presence of CP-violation. For axions the resulting interaction potential is 
~ 6 2 [13111132] , Although 8 is expected to be non- vanishing due to the CP- violation in the 
weak interactions its value is very small (the electric dipole moment of the neutron after all tells 
us 9 < 3 x 10~ 10 ). 
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Figure 12: Constraints on the two photon coupling M = 1/g of a scalar ALP 
vs. its mass from searches for non-Newtonian forces exploiting torsion bal- 
ance techniques (Be/Cu [TBH]. Irvine [137], Eot-wash UMIEH], Stanford [T39] ) 
or Casimir force searches (Lamoreaux |14Uj ). Also shown are constraints from 
astrophysical observations (Earth/moon |141j . Astr. 1998 |142j ). Compilation 
from Ref. [135]. 

some very recent new data), where 9 is the remaining CP violating angle due 
to the CP violation in the electroweak sector. However, for monopole-dipole 
searches again the smallness of 6 limits the sensitivity and dipole-dipole searches 
are experimentally rather challenging. 

4.4.2 Bounds on WISPs from Searches for Non-Coulomb Forces 
Hidden photons [85 ]ll44j and minicharged particles [130] also leave detectable 
imprints as modifications of Coulomb's law. 

For massive hidden photons the non-diagonal mass term in the equations of 
motion leads to a modification of the potential between two charges, 



V(r) = -(l + x 2 e- m V' r ). 



(50) 



Minicharged particles modify the potential at the one-loop level by the Uehling 
contribution. At large distances the deviation is exponential as well, 

ae 2 exp(— 2mr) 



V(r) « - 
r 



1 + 



for mr S> 1. 



(51) 



The inverse square-law has been tested in the laboratory by Cavendish- type 
experiments, checking for the absence of an electric field inside a charged con- 
ducting sphere [145] . These experiments, originally performed to set limits on 



34 The Low-Energy Frontier of Particle Physics 

the photon mass |146| - which would also give an exponential deviation from the 
Coulomb law - and to constrain also the range and strength of an electrical fifth 
force |147j . give also a strong constraint on hidden photons, notably in the /xeV 
range (cf. Fig. [3] labeled "Coulomb"). Similarly, they give the best laboratory 
constraints on minicharged particles in the sub-//eV range. 

This demonstrates that searches for deviations from Coulomb's law are a pow- 
erful tool to search for WISPs, giving strong motivation to improve upon the by 
now nearly 40 year old experiments. 

Static magnetic fields are also modified in presence of hidden photons. In 
particular, the large scale magnetic fields of planets can be used to test for hidden 
photons with very small masses as can be seen from the constraints "Earth" or 
"Jupiter" in Fig. II (cf. [13511135] ). 

5 Summary and Outlook 

For particle physicists the term "low energy physics" is usually used for physics 
below the current high energy frontier, today roughly the electroweak scale ~ 
100 GeV. Currently, three areas of "low energy physics" are proving to be fruitful 
grounds to explore fundamental physics. First there are experiments just below 
the electroweak scale, in the regime of roughly lGeV-lOOGeV. This energy 
range is particularly interesting for high precision flavor physics but it could also 
provide insight into so-called "Dark Forces" that have recently attracted a lot of 
attention in order to resolve puzzling astrophysical observations (cf. Sect. [37373]) . 
The second area of interest is to use low energy experiments and observations to 
test fundamental symmetries, such as e.g. Lorentz symmetry, to an incredibly 
high precision (for a review see [149] ). Finally, there is the possibility that there 
exist new particles with very small masses (possibly even sub-eV) but also very 
weak interactions with the known Standard Model particles. This is the case 
discussed in this review. 

Light weakly coupled particles with masses below an eV, so-called weakly inter- 
acting sub-eV particles (WISPs), are strongly motivated both from top down as 
well as from bottom-up considerations. A classic example for a WISP is the axion 
(cf. Sect. 12.171]) . From a bottom-up point of view the axion is predicted as a con- 
sequence of the Peccei-Quinn solution of the strong CP problem. A new global 
symmetry is introduced which is spontaneously broken at a very high energy 
scale ~ f a - As a consequence, the axion as a pseudo-Nambu-Goldstone boson 
of this symmetry has both small mass, m a ~ meV(10 10 GeV// a ), and coupling 
to two photons, g ~ 10~ 13 GeV _1 (10 10 GeV// ). Taking, on the other hand, a 
top-down approach, in string theory particles with couplings similar to axions, 
axion-like particles, seem to be a natural consequence of the compactification of 
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extra dimensions (cf. Sect. 12. 1 .2j) . Again, their small couplings arise from the 
large energy scales involved, the string scale (possibly also the sizes of the extra 
dimensions). Searching for such particles is thereby a way to probe very high 
energy scales far beyond the energy scale in colliders such as LHC. 

Axions are by far not the only possible WISP candidates. String models often 
contain also additional U(l) gauge groups and matter charged under them (cf. 
Sect. 12. 2p . The corresponding extra "hidden" photons can mix kinetically with 
the ordinary electromagnetic photon. Small mixing angles and corresponding 
small interactions with ordinary matter arise from high energy scales involved 
and from the fact that the additional gauge factors are "far away" in the extra 
dimensions. Roughly speaking probing small couplings allows us look beyond our 
immediate neighborhood and probe the global structure of the compactification. 
For extra photons (and matter charged under them) small masses are possible 
but not necessary. 

Astrophysics and cosmology already provide a powerful tool to constrain WISPs 
and in many regions of parameter space this sets the standard against which lab- 
oratory tests have to measure up (cf. Sect. [3]). The rapidly increasing amount of 
available data will hopefully further improve the situation (see also Ref. |150j ). 

Beyond this some astrophysical and cosmological observations even provide 
suggestive hints for the existence of WISPs (cf. Sect. 13. 4j) . Importantly, both 
axions as well as hidden photons (or particles related to them) may contribute all 
or part of the dark matter. In addition to the above there is a number of astro- 
physical puzzles that can be solved by the presence of WISPs such as, e.g., the 
possible observations of high and very high energy cosmic photon regeneration, 
the observed alignment of the polarization vectors of very distant quasars, the 
energy loss of white dwarfs, and a slight excess in the effective number of neu- 
trino species in the CMB measurements. These interpretations can and should 
be tested in the laboratory. 

One of the most important features of the WISPs described above is that they 
have (very weak) interactions with photons. In combination with their small 
mass this allows to search for them in photon regeneration experiments, in laser 
polarisation experiments, in experiments exploiting strong electromagnetic fields, 
and also in fifth force experiments. 

Currently, considerable activity takes place in the field of laser light shining 
through a wall experiments (cf. Sect. I4.1.2p . which is now entering a new gen- 
eration. Important advances in laser technology appear to pave the way to beat 
the sensitivity of current WISP helioscopes and to probe the above mentioned 
explanations of astrophysical puzzles in terms of photon <-> WISP oscillations. 
Pioneering experiments exploiting instead high-quality microwave cavities for the 
generation and regeneration of WISPs are in the commissioning phase. The mi- 
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crowave cavity search for dark matter axions probes a complementary region in 
parameter space compared to the other photon regeneration experiments and 
should provide a definitive answer whether axions are the dominant part of cold 
dark matter within the current decade. 

Laser polarisation experiments (cf. Sect. 14,2] ) will continue their quest to detect 
the QED birefringence. At the same time they will also considerably improve 
the bounds they place on WISPs. They will also further help to develop the 
optical techniques, such as cavities that are used in light shining through a wall 
experiments. Moreover, experiments analyzing the spectrum of laser light in an 
interferometer also seem to be a promising tool to search for dark matter axions. 

Fifth force experiments (cf. Sect. I4.4p . in particular searches for deviations 
from the gravitational inverse square law are already an established tool to test 
fundamental physics which will continue to improve significantly, thereby provid- 
ing new bounds on a variety of WISPs, in particular light scalar fields. Other 
WISPs such as hidden photons and minicharged partcles can be probed with 
high sensitivities by testing for deviations from Coulomb's law. Although tests of 
Coulomb's law are already at an impressive precision the currently best available 
bounds in the length range of meters are nearly 40 years old. It stands to hope 
that with current technology considerable improvements are possible. 

All in all using low energy experiments with photons to search for WISPs may 
give important information about fundamental particle physics complementary 
to the one obtainable at high energy colliders. Already today these experiments 
provide very strong bounds on light weakly interacting particles. But even more 
excitingly the next few years are likely to bring considerable advances and huge 
discovery potential for new physics. 
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